We demonstrate that, for tilted pulses, the contribution to group velocity that is due to spatial walk-off can compensate for the group-velocity mismatch in three-wave interactions. With 100-fs, 0.4-mm pump pulses in b-barium borate, we obtained efficient parametric generation of collinear superf luorescence tunable in the range from 0.456 to 3.25 mm. © 1996 Optical Society of America Since the advent of subpicosecond light pulses it has been apparent that group-velocity (GV) mismatch severely limits the efficiency of many processes such as harmonic generation, frequency mixing, and parametric conversion, in which ultrashort pulses of different wavelengths are made to interact in nonlinear dispersive media.
Since the advent of subpicosecond light pulses it has been apparent that group-velocity (GV) mismatch severely limits the efficiency of many processes such as harmonic generation, frequency mixing, and parametric conversion, in which ultrashort pulses of different wavelengths are made to interact in nonlinear dispersive media. 1 Special conditions for GV matching in second-harmonic generation were found in the late 1980's by means of achromatic 2, 3 or noncollinear 4 phase-matching conf igurations. Recently, we have shown that the noncollinear scheme can also be applied to the more general case of parametric interactions involving pulses broadly tunable in wavelength. [5] [6] [7] [8] Here we demonstrate that GV-mismatch compensation is achievable in a collinear configuration ͑k p kk S kk i ͒, provided that the interacting pulses are made to propagate in a birefringent nonlinear crystal with the pulse fronts suitably tilted with respect to the phase fronts. Most interestingly, a single tilt angle exists for a 0.4-mm pump pulse in type I phasematching b-barium borate (BBO I) that produces the best GV matching in the entire tuning range.
This GV-matching compensation arises from the contribution of the Poynting-vector walk-off to the collinear GV of the extraordinarily polarized tilted pump pulse, as depicted in Fig. 1 . For a suitable tilt angle g, the fast signal pulse (thick solid lines) can propagate under the slow pump (thick dotted lines) as long as the two beams stay overlapped; thus short pulses can interact for lengths equal to those experienced by long pulses, for which GV mismatch is irrelevant. From the f igure it is easy to verify that, for an arbitrary g, the component of the tilted-pump GV in the direction of the k vectors, v tpk , is modified with respect to that of the untilted pump, v upk , by the amount Dv p ͑v tpk 2 v upk ͒ v upk tan r tan g, where r is the walk-off angle and clockwise angles r and g are taken as positive. In the type I phasematching conf iguration the signal and the idler GV's are not modified because these pulses have ordinary polarization.
The v tpk plotted in Fig. 2a together with v i and v S is calculated for the g value that yields exact GV matching at degeneracy, and the results are virtually equal to the average of v i and v S at all wavelengths. As a consequence g opt , def ined as the angle for which v tpk is equal to ͑v S 1 v i ͒͞2, is virtually constant over almost the entire tuning range ͑g opt ഠ 1 27 ± for r . 0; solid curves in Fig. 2b ) in spite of the changes in v upk (see Fig. 2a ) and in r that are taking place across the tuning. This def inition of optimum tilt stems from the fact that, when ultrashort signal and idler pulses have opposite GV's in the reference frame of the pump, they can be amplified by being kept locked by the pump pulse, without broadening or gain saturation 9 (note that in BBO I near degeneracy, for example, the collinear gain saturates in ഠ1 mm for an untilted, 100-fs, 0.4-mm pump 8 ).
The relevant condition to be tested in the experiment is that a single setup can be found that guarantees this condition of optimum amplif ication in the entire tuning range.
We have experimentally tested this idea by comparing the parametric superf luorescence generated by tilted and untilted pump pulses. The spectral and the angular distributions in the two cases are analyzed. The setup is shown in Fig. 3 . The pump pulses ͑ഠ100 fs, 0.4 mm͒ were generated by a frequencydoubled amplif ied Ti : sapphire laser system (Model Alpha 1000, B. M. Industries, Evry, France). Two UV-grade fused-silica prisms (vertex angle 68 ± ), operated at minimum deviation, were used to produce a pulse tilt angle g of 210 ± .
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The exit face of the second prism was imaged by a telescope onto 4-mm-thick BBO I, cut at 33 ± , and the f lat-topped beam prof ile of 5-mm diameter at the prisms' entrance was focused to a spot of 1 mm (20-mJ typical energy). For the chosen telescope magnification the external tilt was g 141.4
± at the nonlinear crystal, and the internal tilt, plotted as open circles in Fig. 2b , was very similar to g opt at all wavelengths (with the crystal oriented such that r . 0). We took the measurements with untilted pulses after replacing the two prisms with a mirror. Color images and intensity distributions of the parametric superf luourescence on a screen perpendicular to the pump direction were taken with a regular camera, using Kodak Gold 100 ASA film for color prints, and a CCD camera.
In the case of tilted pulses, the crystal generated intense superf luorescence with a smooth intensity prof ile peaked in the collinear direction. By rotating the crystal, we could tune the collinear signal between degeneracy and 456 nm (3.25 mm is the corresponding idler wavelength). Intensity distributions measured for different crystal orientations are plotted in Fig. 4a ; a typical color picture is shown in Fig. 5a . If the crystal was displaced even by ഠ1 cm on either side out of the image plane, the superf luorescence was suddenly quenched. This shows that the distortions on the tilted pump pulse, which are expected to occur at such a distance, 11 are pronounced enough to kill the effect. With an untilted pump, the superf luorescence is generated only off axis in the directions and at the wavelengths at which GV matching is guaranteed. 8 For the same crystal orientations as in Fig. 4a , such off-axis (cone-shaped) superf luorescence was generated in the blue-green spectral range: intensity distributions are given in Fig. 4b, whereas Fig. 5b is a typical color picture. To verify that the chosen tilt angle was the optimum one, we changed it by 620%, using telescopes with different magnifications. We still observed some collinear superf luorescence, but the intensity peak was shifted. Quantitative measurements of this shift are in progress. To verify that the obtained collinear generation stems from the positive contribution of the walk-off to the pump GV, and not from some pulse lengthening related to pump-pulse distortion, we turned the BBO crystal by p around the pump beam to reverse r without changing the angle between the pump and the optical axis. We did not observe any parametric generation, even with f ivefold pump intensity, where pump self-phase modulation occurred.
A number of schemes are feasible based on the idea presented in this Letter. A two-pass system could be designed in which both parametric generation and amplification are performed with tilted pump pulses.
This device would produce collinear signal and idler beams for which the tilt in the generated pulses could be eliminated by means of prisms or diffraction gratings. A collinear high-gain single-pass parametric amplifier could be realized to amplify spectrally selected components of a white-light continuum and yield a handy source of high-energy femtosecond pulses that are broadly tunable in the visible. The tilt of the pump pulses is expected to enhance amplification well above the very low values obtainable with 100-fs, 0.4-mm untilted pump pulses. Finally, thanks to the symmetry of v S and v i with respect to v tpk (see Fig. 2 ), we expect large conversion efficiency and notable pulse shortening 12 when our scheme is used for sum-frequency generation. Compared with results obtained by use of an approach in which GV mismatch is compensated through noncollinear geometry 5 -8 and a specif ic conf iguration works correctly in a limited wavelength region, the present results show that a single setup, i.e., a single value of the tilt angle, optimizes the behavior of BBO in the entire tuning range.
